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I:'>jTI{ODUCTIO'\ 
Currently the importance of carbon-fiber reinforced plastics (CFHP) in both space and 
civil aircraft, which require superior stiffness and strength, has been generally recognized, 
and CFHPs are widely us(.,<1 due to the ultimate light weight to weight rdtios compared to 
conventional metallic materials. 
L'nfortunately, CFHP laminates are brittle for dynamic loadings, particularly impact 
loading[ 11, which can significantly reduce their properties, and therefore the impact problems 
of composites are becoming imlxlrtant. A dropped wrench, bird strike[2] or nmway debris 
can generate 10caliz(.,<1 delaminated areas of foreign object damage (FOD)[31 by an impact 
which is frequently difficult to detect with the naked eye. Innocuous though this damage 
may seem in the stacking plates. it can result in premature catastrophic failure due to the 
decreasing strength caused by impact loading. Also deformation to the CFHP composite 
laminates is also possible with change of temperature and absorption of moisture[4] due to 
susceptiblility to hygrothem1als, especially on the matrix matelial. Such hygrothermals can 
result in the presence of deformation in composite laminates, for example, interface properties 
which indicate the static and fatigue bending strength of the CFRP laminates[51. 
Hecently fatigue tests are widely performed using FRP laminates and notched 
laminates in the case of FRP members subjected to cycle loadings. Rotem[6] and Smith[7-8] 
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have studied only the decreasing relationships of fatigue strength using composites under 
cycle loadings. And in the case of composite laminate subjected to hygrothermals, decreasing 
phenomena of residual strength have been studied[9]. 
Therefore, this paper attempts to evaluate the residual fatigue bending strength of 
laminates through a three-point bending fatigue test, to investigate moisture absorption 
characteristics on the fatigue bending strength under hygrothermals and to confirm failure 
mechanisms based on damage development. 
MOISTURE-ABSORBTION THEORY 
If the moisture diffusion is applied to the infinite-flat plate on assumption that the 
moisture diffusion is through the thickness to Equation (4), Fick's equation becomes as 
follows[lO]; 
where M is the moisture concentration, Dz is the moisture diffusion coefficient to 
Z-direction and t is the time (sec>. 
Boundary conditions of Equation (1) are as follows; 
M = Mo at t:-:;; 0 and 0 < z < h 
M = M", at t> 0 and z = 0, z = h (2) 
where h is the thickness of laminates and z is the thickness direction of laminates. 
The solution to Equations (1) and (2) is given as follows; 
M_-_M~o 4 ~{l . iZL+lhz [ ;r2D t(. )2]} ;-;- = 1 - -- ~ -. - sm . exp - --? -- 2J + 1 Moo-Mo ;r ;=0 2J+l h h- (3) 
where M is the moisture absorption rate of laminates at an arbitrary time, Moo is the 
moisture saturation rate and Mo is the initial moisture rate. 
The laminates are weighed to determine the moisture content which is the total 
mass of the absorbed moisture divided by the dry weight of the laminates. The moisture 
content is in fact the same as the average specific moisture concentration M defined by; 
1 {" 
M= h Jo M dz (4) 
Substituting Equation (3) into Equation (4) and noting that 
M=Mo for t= 0 
M=M", for t= ()() (5) 
We obtain from Equations (3) and (4) for short times an approximation can be 
obtained as follows; 
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Also, we can detennine the moisture diffusion coefficient D from Equation (6) as; 
(6) 
where h IS the thickness (mm), M is the moisture absorbtion rate, Mo IS the initial 
absorbtion moisture rate, Moo IS the moisture saturation rate and t is the time {secl. 
EXPERIMENT AL METHOD 
The laminates of the specimens were manufactured from one-directional prepreg 
sheets of T300-3000 carbon fibers. Its lay-up, stacked with 16 plies is [04 / 90415. Test 
specimens were prepared with dimensions 40mm x 180mm x 2.5mm (width x length x 
thickness). 
The test fixture consisted of two steel plates and two rubber plates. A steel ball 
5mm in diameter <O.5g) was impacted on the specimen by using compressed air. The 
velocity of the steel ball was measured just before impact by determining the time taken for 
it to pass two fine laser beams located a known distance (lOmm) apart. After impact, the 
delamination of specimen interfaces was assessed using an ultrasonic microscope (Olympus 
CH100 with the range of 3O:VIHz). Fatigue three-point bending tests are periodically 
interrupted for the impact-induced progressive damage from the fixture and the test IS 
perfonned again. To examine residual bending fatigue strength of the specimen subjected to 
impact damages and to observe the damage growth in the specimens, a fatigue three-point 
bending test was carried out. Fig. l(a) shows the fixture attached to the universal testing 
machine Onstron 8501) for the experiments of impacted-side tension and compression, 
respectively. Also, static and fatigue bending tests were carried out under the hygrothemlals 
according to moisture absorbtion contents (0%, 0.2%, 0.7%, 1.5%). Fig. 2 shows the 
schematic of the three-point bending fatigue test under water. Distilled water at a 
temperature of 55"C was used to accelerate the moisture absorbtion rate. 
The fracture bending stresses were measured on the assumption that the specimen 
were homogeneous isotropic materials[lll because the stresses of CFRP laminates are 
linearly proportional to strain up to the point of rupture. 
The fracture bending stress equation is as follows: 
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Fig. 1 Specimen supporting fixture for three-point bending test. 
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Fig. 2 Test arrangement of three-point bending fatigue test under water 
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Fig. 3 Moisture content as a function of time under hygrothermals 
1= ~f (8) 
where (1 is the bending stress (Pa), P is the maximum loading at fracture (N), L is the 
length of span (m) and I is the moment of inertia (m·\ 
DISCUSSION Ai'\D RESCLTS 
To investigate the influence of moisture content on fatigue bending strength when the 
composite laminates are subjected to hygrothemlals, static and fatigue bending strengths of 
laminates are estimated according to the moisture content. Fig. :3 shows the moisture content 
with the variation of time. Rapid moisture content diffusion appears at the initial time, but 
with time the moisture-content diffusion slows. The moisture content diffusion was attained 
at the moisture saturation levels. 
In the case of impact-induced CFRP laminates subjected to cyclic loadings, initial 
impact damage in the intedaces is observed by using the SA\I to build up the failure 
mechanisms and impact-damaged growth is observed in every specified cycle until fractured. 
Figure 4 shows the damage growth direction in the case of impacted-side 
compression, and Fig. 4(a) and (b) indicate the delamination shapes after ° and 20,000 cycles, 
respectively. Fig. 4 shows that fracture is propagated from the transverse crack generated 
near the impact point in the case of impacted-side compression and eventually fracture is 
generated along the transverse crack after 20,600 cycles. 
Lnkr:rel<!tiQns I3et.w~en J{esidualnEatigue &:!JJding SJr~ngth and Impact Dqt:n~Y~. 
l'vIoistUl~e Col1tent 
(8) 0 cycle 
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• : Impact point [IT] : Interface A : Interface B 
Fig.4 Progressive damage during fatigue bending test when the impacted side is compressed 
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Fig. 5 Hesidual fatigue bending strength of damaged specimen 
Figure 5 shows the fatigue strength in impacted-side compression decreased more 
than that in impacted-side tension because matrix cracks affect the fatigue bending strength, 
which were generated at an impact lXlint. From Fignrre 6, the rapid strength decreasing 
phenomena appear at approximately 0.2% if compared with those of non-moisture conditions. 
Even through the moisture rate increases, phenomena of decreasing strength do not occur. 
Figure 7 shows the residual fatigue bending strength under the hygrothem1als (0%, 
0.2%, 0.7%, and 1.5% moisture contentl. Especially, ut a moistme rate of approximutely 0.2%, 
fatigue bending strength decreases greutly about 10% compured with the static bending 
strength because the moisture affects the matrix along the fibers. 
Fig. 8(a) shows in detail the fracture growth modes in consideration of shear 
stresses, tension and compression in the plane. When the transverse crucks extend in the 
tension direction in these modes, opening displacement becomes greater, and when the 
cracks extend in the compression direction, closing phenomena occur. Thus, because the 
opening displacements on the tension side <modes I + II) arc higher than those on the 
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Fig, 6 Relation between fracture bending stress and moisture content 
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Fig.7 Hesidual fatigue bending strength variations according to moisture absorbtion contents 
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Fig.H Damage mechanism during fatigue bending test when the impacted side is compressed 
compressure side, delamination on the tension side can easily be extended. Thus, as shown 
in Fig. 8, the moment becomes greater because the radius of curvature at the fracture 
starting point was smaller in the case of impacted- side tension than in the case of 
impacted-side compression from the impact point. 
CONCLGSIONS 
The conclusions are as follows: It has been found that the phenomenon decreasing of 
residual fatigue bending strength in the case of impacted-side compression appear greater 
than those in the case of impacted-side tension for the orthotropic composite laminates. In 
the case of impacted- side compression, fracture is propagated from the transverse crack 
generated near the impact point. At approximately 0.2% of moisture content, the phenomens 
of rapid strength decrease appear and the strength variations do not occur at a moisture 
content of over 0.2%. It is thought that impact-induced damages and hygrothem1als have an 
affect on the phenomena of residual fatigue strength decrease to some degree. 
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